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Edited by Lev KisselevAbstract Post-transcriptionally modiﬁed nucleosides are con-
stituents of transfer RNA (tRNA) that are known to inﬂuence
tertiary structure, stability and coding properties. Modiﬁcations
in unfractionated tRNA from the phylogenetically unique archa-
eal methanogenMethanopyrus kandleri (optimal growth temper-
ature 98 C) were studied using liquid chromatography-mass
spectrometry to establish the extent to which they might diﬀer
from those of other methanogens. The exceptionally diverse pop-
ulation of nucleosides included four new nucleosides of unknown
structure, and one that was characterized as N6-acetyladenosine,
a new RNA constituent. The nucleoside modiﬁcation pattern in
M. kandleri tRNA is notably diﬀerent from that of other archa-
eal methanogens, and is closer to that of the thermophilic cre-
narchaeota.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Transfer RNA (tRNA) molecules are the essential link be-
tween genetic information in messenger RNA and the proteins
speciﬁed by the sequence information. Aminoacyl-tRNAs are
the substrates for ribosomal protein synthesis. The overall
shape of tRNA as well as the coding properties of these mol-
ecules is inﬂuenced by the large number of modiﬁed nucleo-
tides present in tRNA [1,2]. To date, more than 90 of the
post-transcriptionally made diﬀerent ribonucleosides have
been identiﬁed in tRNA; the modiﬁcations mostly occur in
the base and less commonly by methylation of the ribose 2 0-hy-
droxyl group [3,4]. The presence of modiﬁed nucleosides in theAbbreviations: ac6A, N6-acetyladenosine; Mr, relative molecular mass;
LC/ESI-MS, combined liquid chromatography–electrospray ioniza-
tion mass spectrometry; MS/MS, tandem mass spectrometry using two
coupled mass analyzers; CID, collision-induced dissociation used in
MS/MS
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doi:10.1016/j.febslet.2005.04.014anticodon region can dramatically alter the tRNAs codon
speciﬁcity [5]. Other modiﬁcations stabilize tRNA tertiary
structure, and in the case of hyperthermophilic organisms
may attenuate thermal denaturation [6,7]. Many tRNA modi-
ﬁcations are phylogenetically distinct among the three major
evolutionary domains [8,9]. Less is known about modiﬁcation
diﬀerences within the archaea, other than the general correla-
tion of growth temperature with ribose methylation (e.g.
[6,9–11]), and the occurrence of several ones characteristic of
methanococcal tRNAs [12].
Methanopyrus kandleri is a hyperthermophilic methanogen
(growth optimum 98 C) unrelated to other methanogens
and representing a separate lineage originating deep in the
archaeal phylogenetic tree [13]. Nucleoside modiﬁcations in
unfractionated M. kandleri tRNA were studied using com-
bined liquid chromatography–electrospray ionization mass
spectrometry (LC/ESI-MS) and LC–tandem mass spectrome-
try using two coupled mass analyzers (LC/MS/MS) to establish
whether diﬀerences in modiﬁcation patterns occur compared
with those of other thermophilic methanogens, and with the
crenarchaeota, which were previously shown to be heavily
modiﬁed [9,11,12]. During the course of these studies, a new
modiﬁed nucleoside A\, not previously reported in RNA from
any source, was identiﬁed, structurally characterized from its
mass spectrum, and chemically synthesized.2. Materials and Methods
2.1. Cell source and growth of cultures
Methanopyrus kandleri AV-19 (DSM 6324) cells were provided by
K.O. Stetter (Universita¨t Regensburg, Germany). Cultures were grown
in a 300-liter titanium-coated fermentor on H2 and CO2 at 98 C [14].
Cells were harvested at the end of exponential growth phase and stored
at 80 C.2.2. Extraction and puriﬁcation of M. kandleri tRNA
Total RNA was isolated by the guanidinium–acidic phenol–chloro-
form extraction procedure [12,15] aerobically under normal laboratory
lighting conditions. M. kandleri cells (1 g) were suspended in 5 ml
extraction buﬀer containing 4 M guanidine isothiocyanate, 0.5%
(w:v) sodium N-laurylsarcosine, 25 mM sodium citrate (pH 7.0) and
110 mM 2-mercaptoethanol. Cells were dispersed by passage through
a syringe with a 22 gauge needle. Five ml of phenol, buﬀered with
0.1 M citrate (pH 4.5), was added. This solution was mixed on a rotat-
ing shaker at 4 C for 1 h. After centrifugation at 3000 · g for 15 min,
the aqueous phase was re-extracted with 5 ml of chloroform. After cen-
trifugation at 3000 · g for 15 min, the aqueous phase was decanted,blished by Elsevier B.V. All rights reserved.
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Fig. 1. Modiﬁed nucleosides in M. kandleri tRNA: absorbance at
260 nm from LC/ESI-MS analysis of a total digest. Peak identities are:
1, W; 2, m1W; 3, m1A; 4, s2C; 5, m5C; 6, Cm; 7, I; 8, N295; 9, N272; 10,
N299; 11, Um; 12, m
5Cm; 13, s4U; 14, Gm; 15, m1I; 16, m1G; 17, m2G;
18 ac4C; 19, A\; 20, N311; 21, m22 G
+; 23, Am; 24, t6A; 25, (mG,C)
dinucleotide; 26, ac4Cm; 27 m2,7Gm (ref); 28, m2Gm; 29, m6A; 30,
hn6A; 31, m22Gm; 32 methyl-hn
6A [11]. Non-annotated peaks are not
assigned as nucleosides. See http:medlib.med.utah.edu/RNAmods for
nucleoside chemical names and structures.
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1 h. Precipitated polysaccharide matrix was removed by centrifugation
at 5000 · g for 10 min. The supernatant was mixed with 1 vol of cold
isopropanol and stored for 3 h at 20 C. Total RNA was recovered
by centrifugation at 17000 · g for 30 min and the pellet was dried at
room temperature. The RNA/DNA Maxi Kit (Qiagen) was used to
purify tRNAs according to the providers instructions.
2.3. LC/ESI-MS and LC/ESI-MS/MS analyses of tRNA total digests
Transfer RNA from M. kandleri was digested to nucleosides using
nuclease P1, phosphodiesterase 1 and bacterial alkaline phosphatase
[16]. Digests were analyzed directly, without puriﬁcation, on a Quattro
II triple quadrupole mass spectrometer ﬁtted with a Z-spray electro-
spray ion source and controlled by a MassLynx v3.4 OS (Micromass),
to which an HP 1090 liquid chromatograph (Hewlett-Packard) was
interfaced. Reversed-phase HPLC was carried out using 250 · 2 mm
columns (both from Phenomenex): Develosil C30 for screening of total
digests and Luna C18 RP for comparison of natural and synthetic N6-
acetyladenosine (ac6A). An ammonium acetate/(aq.) acetonitrile sol-
vent system was used as described [17] except that the ammonium ace-
tate concentration was decreased to 5 mM for compatibility with
electrospray ionization. Columns were eluted with a solvent ﬂow of
0.3 ml/min, conducted directly into the mass spectrometer without
splitting. Relevant mass spectrometer parameters: needle 2.87 kV, cone
39 V, ion source 140 C and desolvation temperature 280 C. A colli-
sion energy of 20 eV and Ar at 3 · 103 mbar gas cell pressure were
used for MS/MS analyses.
2.4. Chemical synthesis of N6-acetyladenosine [18]
Adenosine (0.1 g, 0.374 mmol), acetic anhydride (0.19 g, 1.87 mmol),
dimethylaminopyridine (0.01 g, trace) and triethylamine (0.19 g,
1.87 mmol) in dichloromethane (2 ml) were stirred at room tempera-
ture. After 2 h the reaction mixture was diluted to 10 ml with dichloro-
methane and shaken with 2 ml water. The organic layer was recovered
and concentrated in vacuo. The residue was treated with 1 ml conc.
aqueous ammonia for 2 h at 0 C, concentrated in vacuo, and chro-
matographically puriﬁed [17] to yield 0.05 g of ac6A. kmax (HPLC)
272 nm; lit. (H2O) [19], 273, 232, 209 nm.
1H NMR [19] (d, 2H2O):
8.16 (1H, s), 8.06 (1H, s), 5.95 (1H, d), 4.62 (1H, t), 4.20 (1H, t),
4.03 (1H, t), 3.41 (1H, dd), 3.63 (1H, dd) and 2.22 (3H, s); LC/ESI-
MS, 310 (MH+), 178 ðBHþ2 Þ.310
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Fig. 2. Electrospray ionization mass spectrum and UV absorbance
spectrum (inset) from A\ (peak 19 in Fig. 1).3. Results
The nucleoside hydrolysate of total M. kandleri tRNA was
subjected to LC/MS analysis. Modiﬁed nucleoside identities
were assigned [17] based on observation of protonated molec-
ular (MH+) and protonated base ðBHþ2 Þ ions, and on relative
retention times from electrospray ionization LC/MS. The elu-
tion pattern of the mixture is shown in Fig. 1. During the
course of assigning structures to the peaks, a potential modi-
ﬁed nucleoside (designated A\) was encountered (peak 19,
Fig. 1) whose relative molecular mass (Mr) of 309 did not cor-
respond to that of any known RNA constituent.
The mass and UV absorbance spectra of A\ are shown in
Fig. 2. Ions of m/z 310, 332 and 348 are readily assigned as
MH+, MNa+ and MK+ species (the latter two ions arise from
traces of Na+ and K+ in the HPLC solvents). The prominent
m/z 178 ion is assigned as the BHþ2 ion because it diﬀers in
mass from m/z 310 by 132 u, diagnostic for a nucleoside with
a normal 2 0-OH ribose [17]. The presence of m/z 136 (equiva-
lent to protonated adenine) suggests that A\ is derived from
adenosine; the diﬀerence in Mr between A
\ (309) and A (267)
is 42 u. The additional 42 u mass increment in A\ could be ac-
counted for either by addition of three methyl groups (DM
42.069) or an acetyl group (DM 42.011). As can be seen in
Fig. 2, the m/z 178–m/z 136 pair of ions implies the loss of42 u from the BHþ2 ion. Concerted loss of three methyl groups
is considered highly unlikely, whereas loss of an acetyl group
(as ketene, H2C‚C‚O) is a known process from N-acetylated
nucleosides [17]. It should furthermore be noted that the
appearance of the UV absorbance spectrum of A\ (Fig. 2, in-
set) in the acidic solvent used for LC/MS is similar to that of
t6A [20], suggesting presence of a –6NH–C‚O function in
A\. Taken together, the data suggested that A\ is ac6A, and
this compound was thus selected for chemical synthesis as a
model to compare with A\ in tRNA.
Authentic ac6A was compared with A\ from a total digest of
M. kandleri tRNA in back-to-back analyses. Collision-induced
dissociation of the BHþ2 ion m/z 178 (Fig. 2) was chosen as the
mode for generating mass spectra for comparison of the two
compounds, as it is more informative than collision-induced
dissociation used in MS/MS (CID) of the nucleoside MH+
ion (reviewed in [21]). Co-incidence of HPLC retention times
then provides a second parameter for establishing that the
two nucleosides are identical. The results of the comparative
LC/MS/MS analyses are shown in Fig. 3. The retention times
of A\ and ac6A are identical. Likewise, the product ion spectra
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Fig. 3. Comparison of authentic ac6A and A\ fromM. kandleri tRNA
by electrospray ionization LC/MS/MS. Total ion current chromato-
grams for products of m/z 178 from tRNA (panel A) and from
synthetic ac6A (panel B). Insets: product ion mass spectra.
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abundances of fragment ions, assigned as loss of ketene (m/z
178ﬁ m/z 136), further expulsion of NH3 (m/z 136ﬁ m/z
119) [22], and protonated ketene (m/z 43). We thus conclude
that A\ is ac6A, a new modiﬁed nucleoside in RNA.
Several unassigned potential nucleosides were also identiﬁed
but were not further pursued in this study. Among these is a
component (peak 8, Fig. 1), which is designated N295 (MH
+
m/z 296; BHþ2 m/z 164) and is isomeric with N
6,N6-dimethylad-
enosine. Another (peak 9, Fig. 1) is designated N272 (MH
+ m/z
273; kmax 270 nm). A third new nucleoside candidate is peak
10, Fig. 1 (N299, MH
+ m/z 300; BHþ2 m/z 168; kmax 268 nm).
A fourth putative nucleoside (peak 27, Fig. 1) is designated
N311 (MH
+ m/z 312; BHþ2 m/z 180; kmax 264, 290 nm), possi-
bly an isomer of the common constituent m22 G. Notable in the
M. kandleri nucleoside population is presence of m5Cm (peak
12, Fig. 1), and in particular ac4C and ac4Cm, which exhibit
thermal stabilization properties as a consequence of the mod-
iﬁcations [23]. These nucleosides have not previously been ob-
served in the tRNA of archaeal methanogens [9,12], and are
characteristic of the high temperature crenarchaeota.
Among other modiﬁed species in M. kandleri tRNA are sev-
eral nucleosides that are, phylogenetically, uniquely archaeal.
These are (Fig. 1) archaeosine (G+) from tRNA position 15,
m1W from T-loop position 54, and m2Gm and m22 Gm; all
are common to hyperthermophilic archaea in general.4. Discussion
M. kandleri tRNA contains 31 modiﬁed nucleosides,
including four that are incompletely characterized (discussed
below). As such this number is exceptionally high compared
with all other methanogens examined to date, including the
thermophilic methanococci, which have been studied in de-
tail [12]. This complex diversity of RNA modiﬁcation is clo-
ser to that exhibited by the thermophilic crenarchaeota [9]
and is equal (31 modiﬁed nucleosides) to the most highly
modiﬁed tRNA of which we are aware, that of Stetteria
hydrogenophila [11]. A large number of nucleosides (nine)
contain a 2 0-O-methyl group, which will endow the tRNA
with added protection against phosphodiester bond cleavage,
and confer thermodynamic stabilization of the C3 0-endo con-
former [7], at the high growth temperature (98 C) of this
organism.
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The new modiﬁed nucleoside, ac6A, can be considered as
a structural analogue of the common nucleoside N6-threo-
nylcarbamoyladenosine (t6A), which occurs in tRNA at po-
sition 37, adjacent to the anticodon [24]. In that case,
nucleoside ac6A is the major representative of this nucleoside
family in M. kandleri tRNA; compare the areas in Fig. 1 for
peak 19 (ac6A) with the sum of those of peaks 24 (t6A), 30
(the t6A derivative hn6A) and 32 (incompletely characterized
base-methylated hn6A derivative [11]). ac6A has not been
observed in any previously analyzed tRNA from the three
evolutionary domains, and is the only acetylated purine
known in RNA, and constitutes the second reported occur-
rence of the N-acetyl motif. The other one is N4-acetylcyto-
sine derivatives from tRNA in all three phylogenetic
domains, and in some rRNAs from archaea and eukarya
[4]. The sequence location of ac6A has not yet been directly
established, however, if it is considered to be an analogue
from the t6A family of tRNA nucleosides [25] then its likely
location is at position 37 adjacent to the anticodon. To date,
all known t6A analogues contain a carbamoyl-linked a-ami-
no acid at N6. In comparison with these derivatives, ac6A
contains a methyl group in lieu of the amino acid, and thus
can be considered a ‘‘minimalist’’ derivative of the common
nucleoside t6A, an analogy that occurs with other hyper-
modiﬁed nucleoside families in archaeal tRNA [26].
The biosynthesis of ac6A may follow one or the other of two
pathways. If it were analogous to t6A biosynthesis [27], meth-
ylation following net CO addition would be the route. The
other possibility is via direct acetylation of N6 of adenosine
by a presently unknown adenosine acetylase. A gene (TAN1)
required for N4-acetylcytidine biosynthesis has been reported
in yeast [28], but activity of the gene product as an acetylase
2810 A. Sauerwald et al. / FEBS Letters 579 (2005) 2807–2810could not be conﬁrmed. Analysis of theM. kandleri genome se-
quence [29] does not reveal any paralogs.
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